Biodiversity patterns are the result of the interaction of numerous contemporary factors and historical opportunities for allopatric speciation. Several hypotheses regarding climatic features and topographic characteristics have been reported as determinants of species richness along elevation gradients. However, how these factors interact to shape small mammal species richness along the dry Andes ecosystem is not well understood. The objectives of this paper were to analyze patterns of species diversity along the central dry Andes, and to evaluate how climatic and topographic factors explain diversity patterns. Our results showed a positive and monotonic relationship between small mammal species richness and altitude, whereas abundance patterns showed a midelevation peak. Climate and topography were the most important predictor variables explaining small mammal species richness and abundance patterns in the Andes. This study underlines the role of the Andes in promoting and sustaining biodiversity, as well as the need to encourage conservation planning in mountain ecosystems.
Understanding the processes that shape diversity distributions along elevation gradients has become a key issue in biogeographical studies, as well as when evaluating the potential effects of global climate change and extirpation risk of vulnerable species (Reiss et al. 2009; Fleishman 2010) . Biodiversity patterns along gradients are the result of the interaction of numerous contemporary (climate, heterogeneity, and biotic interactions) and historical factors (Rahbek and Graves 2001; Jetz and Rahbek 2002) . Most factors explaining diversity patterns are related with climatic and heterogeneity features, such as the species-energy relationship, which proposes that species diversity is limited by the total or average amount of energy entering into an ecosystem (Wright 1983; see also Brown 1988) . This relationship may be evaluated by 2 approaches: the ambient-energy approach or the productivity approach. The ambient-energy approach proposes that species richness is controlled by the total or average energy available. Species in sites with lower ambient temperatures must spend more time and effort in maintaining body temperatures, and consequently less energy on growth and reproduction. Therefore, higher temperatures will promote faster population growth and uphold greater species richness (Brown 1988; Hawkins et al. 2003; Ruggiero and Kitzberger 2004; McCain 2006) . On the other hand, the productivity approach states that resource production in an ecosystem limits species richness. Richness would then be limited by the production of food needed (e.g., plant biomass for herbivores and herbivore biomass for predators -Wright 1983) . Climatic stability also has been mentioned as a biodiversity driver, with long-term stability of environmental and climatic conditions promoting niche differentiation, evolutionary adaptation, and speciation (Pianka 1966; Sanders 1968; Currie 1991) . One variant of this hypothesis states that fewer species should be physiologically adapted to tolerate high variations in climatic conditions (Fraser and Currie 1996) . Lastly, high spatial heterogeneity also can promote high species diversity because limiting resources are accessible for different groups of species in more-complex habitats. Higher levels of heterogeneity can promote greater specialization and the coexistence of a great number of species (Pianka 1966; Rohde 1992; Kerr and Packer 1997; Brown and Lomolino 1998) . Also, higher heterogeneity can uphold isolation and intensify environmental gradients w w w . m a m m a l o g y . o r g 99 (Rahbek 1997; Jetz and Rahbek 2002; Ruggiero and Hawkins 2008; Ferro and Barquez 2009) .
Recently, several authors have argued that general diversity patterns may result from the combined effects of many redundant or convergent processes, rather than the presumed independent effects of one dominant force (e.g., Ricklefs and Schluter 1993; Lawton 1996; Brown and Lomolino 1998; Lomolino et al. 2010) . However, studies attempting to identify the best explanatory factors regulating species diversity along elevation gradients have focused only on a few selected features (e.g., climate, topography, middomain effect, or historical factors-Heaney 2001; Grytnes and Vetaas 2002; Kluge et al. 2006) . Our approach seeks to account for the combined effect of several climatic and topographic factors that are mentioned as drivers of species diversity patterns.
The study of elevation patterns of small mammals has shown strong support for intermediate elevation peaks in species richness (McCain 2005 (McCain , 2006 . In particular, hump-shaped patterns are common within tropical environments (Heaney 2001; McCain 2005) . These peaks are related to points of optimal environmental conditions, sites where species overlap, or locations where distinct vegetation communities occur in close proximity (Lomolino 2001) . Few studies have been done along the portion of the dry Andes, where small mammal diversity has shown a positive relationship between elevation and area (Pearson and Pearson-Ralph 1978; Marquet 1994; Novillo and Ojeda 2012) and between endemicity and altitude (Novillo and Ojeda 2012) . However, no studies in the dry Andes have related small mammal diversity patterns with contemporary factors.
The South American Andes represent an excellent model for assessing macroecological patterns and the mechanisms involved in biodiversity patterns. The Andean uplift during the Miocene prompted the formation of new dry, high-elevation habitats (Young et al. 2007 ), resulting in a diversity of topographies, climates, and habitats (i.e., history of place) that contributed to the high diversity and endemicity (history of lineages) of small mammals (Hershkovitz 1969; Reig 1981 Reig , 1986 Marquet 1994; Ojeda et al. 2000; Novillo and Ojeda 2012) .
Studies on diversity gradients along the Andes have mostly focused on tropical and humid environments (Patterson et al. 1998; Brehm and Fiedler 2003; Kattan and Franco 2004; McCain 2004; Herzog et al. 2005 ; among others), recognizing factors related to species-energy relationships and water balance as the main determinants of diversity gradients (Bini et al. 2004) . However, similar studies on the dry portion of the Andes are fewer and most refer to the high Andean Puna desert and Altiplano biomes (Pearson and Pearson-Ralph 1978; Marquet 1994) .
The focus of this research, therefore, was 2-fold: to analyze small mammal species richness and abundance patterns along an elevation gradient in the dry Andes, and to evaluate how climatic and topographic factors shape species richness and relative abundance patterns.
MATERIALS AND METHODS
Study area.-This study was performed in the central Andes of Argentina, located between 308S and 358S in Mendoza Province (Fig. 1) . The area is characterized by a vegetation cline, which varies from shrublands at the Andean foothills (1,300 m above sea level) to dwarf shrubs, grasses, and herbs at higher elevations (3,300 m above sea level -Martínez Carretero and Méndez 1992; Méndez et al. 2006) . There is an increase in periods with annual mean temperatures below 08C and an inverse relation with day temperatures above 08C associated with the rise in elevation. Precipitation is positively correlated with elevation, with a marked increase of precipitation within a short distance.
Data sources.-Small mammal surveys were conducted using standardized techniques along 4 elevational transects between 328S and 358S. This study was conducted during the summer seasons of 2007 and 2008 (from November to March). The elevational gradient spans between 1,300 and 3,300 m above sea level. The lower elevation boundary is the ecotone between the Monte desert and the Altoandina ecoregions, and the higher boundary was selected because of its proximity to the vegetation limit and permafrost line (Martínez Carretero and Méndez 1992; Méndez et al. 2006) . Several of the species included in this analysis show higher elevational distribution in the northern portion of the Andes (Altiplano and Puna ecoregions; records of small mammal occurrence from the Global Biodiversity Information Facility [2011] ); however, there are no data of species occurrence higher than 3,500 m above sea level for the central and southern Andes. The dry Andes exhibit a broad latitudinal extent, from 108N to 408S, along which the temperature diminishes markedly with an increase in precipitation (mainly snow). Therefore, we assumed that species occurrence higher than 3,500-4,000 m above sea level was very unlikely.
Five sampling sites, separated by 500-m intervals (at 1,300, 1,800, 2,300, 2,800, and 3,300 m above sea level), were established along each of the 4 transects and surveyed during 3-day sessions for 2 consecutive summers. Three traplines, each composed of 50 Sherman-like traps (7.5 9.5 25 cm; Moller, Buenos Aires, Argentina) set on the ground, were established for a total of 450 trap nights per session at each study site. Total sampling effort (trap nights) was 900 for each sampling site, 4,500 for each transect, and 18,000 for the entire study. Accumulation curves and Clench equations were performed to test sampling completeness (Supporting Information S1, DOI: 10.1644/13-MAMM-A-086.S1). Trapping was standardized to include 50 live traps per habitat at each elevation (lower elevations: shrubs, grasslands, and rocky areas; high elevations: grasslands, bogs, and rocky areas). Traps were baited with oats and peanut butter. Animals were captured, identified, sexed, weighed, and released without marking; therefore, the relative abundance parameter was estimated as detailed in the data analysis session. Standardized sampling protocol was maximized in each site to diminish variability in trappability among species.
All voucher specimens (n ¼ 30; 1% of all individuals captured), tissue samples, and cell suspensions were deposited in the Mammal Collection of the Instituto Argentino de Zonaś Aridas, Centro de Ciencia y Técnica Mendoza-National Scientific and Technical Research Council, CONICET, Argentina. Animals collected during this study were handled following the procedures recommended by the American Society of Mammalogists (Sikes et al. 2011) .
Data analysis.-Species richness was obtained from the number of species per elevation band for each transect. Species richness was calculated as the proportion of total number of individuals captured relative to trapping effort (900 trap nights) at each elevation band for each transect. Species richness and the relationship between abundance and elevation were evaluated using generalized linear models; relationship shape was evaluated via polynomial analysis. The best-fitting model was selected using the Akaike information criterion (AIC) and, for models presenting AIC differences less than 2, the R 2 criterion was considered. These analyses were performed in R software, version 2.15.2 (R Development Core Team 2012).
The following variables were analyzed to test which factors shape diversity patterns: 1) Potential evapotranspiration (PET-Trabucco and Zomer 2009), annual mean temperature (AMT- Hijmans et al. 2005) , and minimum temperature of the coldest month (MTCM-Hijmans et al. 2005) to test the ambient-energy approach (Wright 1983) . PET is the amount of water that evaporates from a saturated surface, depending on the amount of energy available and on the relative humidity (Currie 1991) . MTCM describes the minimum degree of heat at each particular site (Andrews and O'Brien 2000) . 2) Actual evapotranspiration (AET-Willmott and Matsuura 2001), normalized difference vegetation index (NDVI), and annual precipitation (AP) were used to test the productivity approach (Turner et al. 1987) . All 3 variables are considered indicators of the availability of energy for primary consumers (Whittaker et al. 2001 The effects of climate and topography on small mammal diversity were evaluated using forecasting models based on AIC differences and the R 2 criterion (Crawley 1993 ; via Spatial Analysis in Macroecology software (Rangel et al. 2010) . Studies focusing on mechanisms driving species diversity in general apply multiple regressions and similar statistical treatments . However, more-complex strategies are applied for ecological data analyses because it is important to take into account the lack of independence between pairs of observations across the geographical space (spatial autocorrelation- Legendre 1993) . Therefore, in this study, we used variation partitioning (Legendre and Legendre 1998; Lobo et al. 2002) to separate the joint and independent effects of climate and topography and address the proportion of richness variation accounted for by spatial descriptors independent of environment. We used the 3rd-degree polynomial equation (trend surface analysis-Legendre and Legendre 1998) as a proxy for spatial descriptors. The effect of spatial features may reflect the existence of other multiple factors not taken into account in the analysis or represent a major source of false correlations, which are not indicative of causal relationships (spatial autocorrelation).
RESULTS
A total of 1,833 individuals were captured, belonging to 9 genera and 15 species of sigmodontine rodents, across our study sites (Table 1) . Small mammal species richness showed a positive and monotonic relationship with elevation (percent deviance explained: 29.19 [ Fig. 2A]) . Small mammal abundance showed a hump-shaped relationship with altitude (percent deviance explained: 55.95 [ Fig. 2B]) . Thus, small mammal abundances were higher at intermediate elevation bands (2,300 m above sea level).
Several predictors accounted for the observed elevation pattern of species richness (Table 2) . Species richness was positively associated with annual precipitation and topographical heterogeneity, and negatively associated with ambient energy, declining as temperature increased (Fig. 3A) . The pure effect of each subset of predictors (climate and topography) was similar and moderate (8.4% and 13%, respectively). The effect of spatial predictors that were not explained by model variables accounted for 7.4% of the richness variation. The larger fraction of species richness variability was accounted for by the joint effect of climate and topography (35%). Topographical predictors independent of climate and space were the 2nd-best set of predictors. The combined effect of climate and space accounted for 12% of total richness variation (Fig. 3B) .
Variation in mammal abundances (Table 3) showed a clear hump-shaped relationship with ambient-energy variables (PET Fig. 4A ). Elevation range was the only significant variable among topographic variables. Species abundance showed a positive and monotonic trend with an increase in topographic heterogeneity. Variation partitioning in abundance patterns was mainly modulated by the effect of topographic predictors (23%). The effect of climate and space variables was moderate (15.2% and 12.2%, respectively). The spatially structured climate component explained 41% of species abundance, with the joint effect of climate and topography explaining 25% (Fig. 4B ).
DISCUSSION
Species richness of Andean small mammals increased with elevation, supporting earlier studies in other Andean regions (Pearson and Pearson-Ralph 1978; Patterson et al. 1989 Patterson et al. , 1998 Marquet 1994; Novillo and Ojeda 2012) . This increase in richness associated with higher elevation highlights the effects of the Andean uplift in promoting new habitat formations and a marked climatic gradient, which creates opportunities for the differentiation of local biota (Ojeda et al. 2000; Palma et al. 2005; Brumfield and Edwards 2007) . The joint effects of topography and climate seem to be the better predictor for small mammal species richness pattern, when spatial effects were accounted for. Climate variation associated with topographic heterogeneity is thought to generate local geographic isolation, which may promote speciation through allopatry and the drift of populations (Ruggiero and Hawkins 2008) . Also, changes in elevation and relief can alter climatic and atmospheric conditions, habitat area, and connectivity among habitats (Badgley 2010) . Topography has been mentioned as an important factor regulating biodiversity at local and regional scales. Thus, strong topographical effects have been found in the richness patterns of mammals of North American warm regions (Kerr and Packer 1997; Qian et al. 2009 ), Andean birds (Rahbek and Graves 2001) , and African birds (Jetz and Rahbek 2002) .
It is important to note that diversity and climatic data are almost always spatially autocorrelated (Ruggiero 1999; Rahbek and Graves 2001; Selmi and Boulinier 2001; Diniz-Filho et al. 2003 ) and this autocorrelation must be taken into account to prevent statistical bias in the results . Our approach partitioned the variation explained by these correlates into their independent parts and their overlaps. This also accounts for the influence of a spatial component (component S) from the partial regression that can be regarded as the consequence of the role played by past contingent events (site history) or other multiple environmental variables not taken into account in the present study (Legendre and Legendre 1998) . Our results on mammal abundances support the general pattern of abundance and distribution proposed by Whittaker (1967) and Brown (1984) . This pattern establishes that species abundances are concentrated at midpoints of their distributions and gradually diminish toward their boundaries. According to Brown (1984) , there are 3 possible hypotheses to explain the hump-shaped abundance pattern: abundance distribution reflects population response to local environmental conditions; species are most common at optimum biological conditions and decrease in abundance gradually toward their niche limits (Gaston and Lawton 1990; Brown 1995; Brown et al. 1996) ; and environmental variables related to species abundance tend to be autocorrelated, therefore proximate sites tend to present similar biotic and abiotic characteristics. Furthermore, hump-shaped abundance patterns also can be explained by the peripheral population's high probability of local extinctions (Ceballos and Ehrlich 2002; Ojeda et al. 2008) .
The combined effect of climate and space was the main determinant of mammal abundance patterns (41%). The effect of each set of predictors alone accounted for rather low to intermediate variations in abundance. Topography alone explained 23% of the abundance variation, whereas climate only explained 15% (Fig. 4B) . The important contribution of spatial features suggests the influence of other variables (e.g., historical events or community dynamic processes) not included in our analysis (Borcard and Legendre 1994) . High spatial effects also suggest that environmental variation is usually autocorrelated, with proximate sites presenting higher probabilities of having similar combinations of environmental variables, hence similar abundances (Brown 1984) . The interaction between topography and climate explained 25% of small mammal abundance patterns. This interaction reflects a population's response to local environmental conditions (i.e., biotic variables that are required for survival and reproduction) and is related to species niche requirements (Brown 1984; Gaston and Lawton 1990; Brown et al. 1996) . Climatic factors related to the abundance peak are those associated with productivity and available energy (NDVI, PET, and MTCM). In general, more-productive and warmer sites can maintain higher population abundances. This is related to the energy hypothesis, which states that energy availability regulates population sizes and determines population extinction rates (Pielou 1969; Wright 1983 ).
In conclusion, the results of our study support the positive monotonic richness pattern (Pearson and Pearson-Ralph 1978; Patterson et al. 1989 Patterson et al. , 1998 Marquet 1994) , highlighting the joint effect of climate and topography for biodiversity patterns at mesoscales. Moreover, topography can be portrayed as a dispersal barrier resulting in allopatric speciation (Graham and Hijmans 2006) and consequently, can be associated with the history of place and linage (Brown 1995) . This study pinpoints the role of mountain ecosystems in promoting and sustaining biodiversity (Ruggiero and Hawkins 2008) and emphasizes the need for proper management and conservation strategies for the fragile Andean mountain ranges, particularly for those species of restricted ranges associated with higher elevation.
RESUMEN
Los patrones de biodiversidad son el resultado de la interacción entre numerosos factores contemporáneos y eventos históricos que propician la especiación alopátrica. Numerosos factores climáticos y topográficos han sido mencionados como determinantes para los patrones altitudinales de riqueza de especies. Sin embargo es poco conocido aún como estos factores interactúan para modelar la riqueza de especies a lo largo de la Cordillera de los Andes. Los objetivos de este trabajo fueron analizar los patrones de diversidad de especies a lo largo de los Andes templados, y evaluar como los factores climáticos y topográficos explican los patrones de riqueza y abundancia de especies. Nuestros resultados muestran una relación monotónica y positiva entre riqueza de especies y altura. Mientras el patrón de abundancia es unimodal. Para ambos patrones el clima y la topografía son las variables predictoras más importantes. Este estudio resalta el rol de los Andes en promover y sostener la biodiversidad, y acentúa la necesidad de fomentar planes de conservación en ecosistemas montanos.
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